Introduction
============

Electrogastrography is a non-invasive technique for recording gastric myoelectrical activity using cutaneous electrodes placed on the abdominal skin over the stomach. The surface recording obtained using electrography is called the electrogastrogram. In this review, both electrogastrography and electrogastrogram are abbreviated to EGG: \"EGG\" refers to the electrogastrography (the technique of recording the electrogastrogram) and \"the EGG\" refers to the electrogastrogram (the recording).

The EGG was first introduced in 1922 by Alvarez,[@B1] rediscovered by Davis et al[@B2] in 1957 and popularized in 1990s.[@B3] Due to its non-invasive nature, EGG has received substantial attention among researchers and clinicians and also the controversies and concerns arosed. Some researchers use the EGG as a non-invasive measure of gastric slow waves and even consider it as a surrogate of gastric motility, whereas, others claim the EGG is flawed or even merely an artifact of gastric motions. In this article we will review available information in the literature and try to give readers an objective assessment of this non-invasive technique in detecting gastric slow waves.

To judge whether EGG is useful as a research and/or clinical tool, one needs to first understand completely what can be measured by EGG and how the EGG should be recorded and interpreted. Although it was unclear before 1960s whether the EGG was a recording of gastric myoelectrical activity or contractile activity, it is now clear that the EGG is a measurement of gastric slow waves. We will first review electrophysiology of the stomach, that is, gastric myoelectrical activity that can be measured using internal electrodes implanted on gastric serosa.

Secondly, we will provide technical details on how to measure the EGG. Since the EGG is a non-invasive measure using abdominal skin electrodes, it is sensitive to motion artifacts and electrical interferences from other internal organs. Therefore, it is critically important to measure the EGG appropriately and accurately. Detailed information will be provided on how to prepare the abdominal skin, where to place electrodes, how to choose filtering range (extremely important) and how to avoid and minimize motion artifacts.

Recently, some researchers have suggested that the EGG or any extracellular recordings of the stomach might be a mere measure of stomach movement artifact or contractile artifact.[@B4] To answer this question, we will review numerous findings published in the literature as well as from our own labs regarding the validity of EGG. Data will be reviewed in 3 categories: (1) the relationship between the internal extracellular myoelectrical recording and gastric contractions: this will tell whether the internal extracellular myoelectrical recording is a measurement of true gastric myoelectrical activity or just an artifact of gastric contractions, (2) the relationship between the EGG and the internal serosal recording of the gastric slow wave: this will determine whether the EGG is an accurate measurement of gastric slow waves, and (3) the relationship between the EGG and gastric contractions. We believe that by reviewing these materials, the reader will be capable of determining whether the EGG is a measurement of gastric slow waves or just gastric contractile artifacts.

Last but not least, we will review applications of EGG, including the application of EGG for the study of gastric electrophysiology, the use of EGG in assessing the effect of an intervention and the clinical relevance of EGG in patients with symptoms suggestive of functional gastric dysmotility.

Gastric Myoelectrical Activity
==============================

Normal Gastric Myoelectrical Activity
-------------------------------------

Like in the heart, there is myoelectrical activity along the gut. Myoelectrical activity of the stomach consists of slow waves and spike potentials. The slow wave is also called pacesetter potential, or electrical control activity, whereas, spike potentials are referred to as action potentials or electrical response activity.[@B5],[@B6] The frequency of normal gastric slow waves is species-dependent, being approximately 3 cycles per minute (cpm) in humans[@B7]-[@B9] and 5 cpm in dogs.[@B10],[@B11] The gastric slow wave determines the maximum frequency and propagation of gastric contractions. [Figure 1A](#F1){ref-type="fig"} presents normal gastric slow waves measured from a dog using internal electrodes permanently implanted on gastric serosa. Distallypropagated slow waves at a frequency of about 5 cpm are clearly noted.

Spike potentials are considered as electrical counterparts of gastric contractions, i.e., a gastric contraction occurs when the slow wave is accompanied with spike potentials. We would like to point out, however, in the most part of the stomach, especially in the fundus and proximal antrum, a one-to-one correlation between spike potentials and gastric contractions is not commonly seen. It is not uncommon to record gastric contractions at the absence of spike potentials in the stomach.[@B12]

Gastric Dysrhythmia and Abnormal Slow Waves
-------------------------------------------

Gastric myoelectrical activity may be altered or become abnormal in diseased states or upon provocative stimulations or even spontaneously. Abnormal gastric myoelectrical activity includes gastric dysrhythmia, abnormal slow wave propagation and electro-mechanical uncoupling.[@B3],[@B7],[@B13]

Gastric dysrhythmias can be further classified into bradygastria, tachygastria and arrhythmia.[@B3],[@B14]-[@B16] From internal serosal recordings, we know that the normal frequency of the gastric slow wave in humans is about 2-4 cpm, whereas bradygastria is in the range of 0.5-2.0 cpm and tachygastria in the range of 4-9 cpm. Tachygastria is usually ectopic and of an antral origin as shown in our lab.[@B10] In more than 80% of cases, it is located in the antrum and propagates retrogradely. It may override completely the normal distally-propagated slow waves. However, in most cases, it does not completely override the normal gastric slow waves. In these cases, there are 2 pacemaking activities: a normal pacemaker in the proximal stomach and a tachygastrial pacemake in the distal stomach as shown in [Figure 1](#F1){ref-type="fig"}. Different from tachygastria, bradygastria is not ectopic and reflects purely a reduction in frequency of the normal pacemaking activity as illustrated in [Figure 2](#F2){ref-type="fig"}. It should be noted that distally propagated bradygastria may not have a significant impact on gastric contractions or emptying.[@B3],[@B10] Arrhythmia refers to the absence of rhythmic slow waves.

In addition to gastric dysrhythmia, abnormal slow wave propagation has recently been reported. In patients with gastroparesis, abnormal slow wave propagation was detected by high-resolution mapping, including abnormal slow wave initiation, reduced longitudinal propagation velocity and interruption of slow wave propagation.[@B17]

Electro-mechanical uncoupling refers to the presence of normal slow waves but absence of contractile activity. Myoelectrically, this could be the case of none of slow waves being superimposed on spike potentials. However, as stated earlier, in the stomach, there is lack of one-to-one correlation between spikes and contractions, and thus this abnormality cannot be accurately detected from the in vivo myoelectrical recording.[@B12]

Correlation of Slow Waves With Gastric Contractions
---------------------------------------------------

To understand the correlation between gastric slow waves and contractions, we first must be aware how gastric slow waves and gastric contractions are recorded. Slow waves can be recorded intracellularly or extracellularly; the extracellular recording can be classified into in vitro and in vivo; the in vivo recording can be further classified into internal recording and abdominal surface recording, i.e., the EGG. It should be noted that the gastric slow wave measured using these different methods may have different physiological meanings and different clinical interpretations. Similarly gastric contractions can also be measured by different methods, including the use of strain gauges and manometry.[@B6],[@B14] Gastric manometry measures only lumen occluded contractions via an intraluminal catheter placed in the stomach, a method commonly used in clinic, whereas the strain gauge is able to record both lumen occluded or non-occluded contractions, such as weak phasic tone of the stomach that is not typically detected by manometry.

Under normal/healthy conditions, a one-to-one correlation may be found between the in vivo gastric slow wave measured using internal serosal electrodes and gastric contractions measured by strain gauges. [Figure 3A](#F3){ref-type="fig"} presents such a correlation in a healthy dog. It can be seen that each gastric slow wave is accompanied with one gastric contraction. When gastric dysrhythmia occurs, gastric contractions disappear ([Fig. 3B](#F3){ref-type="fig"}). From [Figure 3B](#F3){ref-type="fig"}, we can also clearly observe that the slow waves recorded using the in vivo extracellular method were not artifacts of gastric contractions: slow waves, although irregular, were present when there were not contractions at all. It should be noted that if gastric contractions are measured by manometry, such a one-to-one correlation between the slow waves and contractions cannot be detected.

To further investigate the correlation between tachygastria and gastric hypomotility and prove that the extracellular gastric recording is not an artifact of gastric contractions, we simultaneously recorded gastric myoelectrical recording using serosal electrodes and gastric contractions using strain gauge in a number of dogs, and performed electrical stimulation at a high frequency (2 times of the intrinsic frequency) to convert normal slow waves into tachygastria. As shown in [Figure 4](#F4){ref-type="fig"}, normal slow waves and regular gastric contractions were present at baseline. Once electrical stimulation was initiated, gastric slow waves in the area adjacent to stimulation were turned into tachygastria and meanwhile, gastric contractions disappeared. Statistical analysis revealed that when tachygastria was present at more than 25% of time, antral contractions were completely inhibited.[@B11] These findings also prove that the slow waves recorded by the internal serosal electrodes were not artifacts of gastric contractions.

Electrogastrography: Measurement
================================

Recording Setting
-----------------

Although this information is most commonly omitted in a biomedical research paper, appropriate setting of the recording equipment is critically important. Two major issues associated with an EGG recording device are: (1) amplification: the EGG signal is usually in a range of 50-500 µV and adequate amplification needs to be provided by a recording device so that the amplified signal is of an appropriate range for display and analysis, and (2) filter setting: it determines the frequency range of the EGG signal to be maximally amplified. The interested range of the EGG signal is in the range of 0.5-9.0 cpm or 0.0083 to 0.15 Hz which is much lower than that of most of extracellular recordings. In addition to the basic fundamental frequencies of 0.5-9.0 cpm, it is also important to record certain harmonics (multiples of the fundamental frequency).[@B3],[@B12] Accordingly, an appropriate frequency setting is in the range of 0.0083 to 1 Hz.[@B7],[@B18],[@B19] A wrong selection of filtering range may lead to a severe distortion or even disappearance of gastric slow waves in the EGG. [Figure 5](#F5){ref-type="fig"} illustrates such an example: with a frequency setting of 0.0083 to 1 Hz, normal gastric slow waves were recorded in the EGG in a healthy subject (top tracing). When this same EGG signal was digitally filtered using a highpass filter at a frequency of 3 Hz, gastric slow waves were no longer visible in the signal (bottom tracing). This example demonstrates the importance of filter setting while recording gastric slow waves. It should be noted that in most of recording apparatus used for intracellular or extracellular recordings, the filter is usually set to remove low frequency components of below 1 Hz or even higher in order to avoid baseline drift. That is, it is very likely that one is cannot record the gastric slow waves accurately if a recording device in use is not specifically designed for gastric slow waves.

Procedure for Recording the Electrogastrography
-----------------------------------------------

One common mistake made in the EGG recording is the inadequate preparation of skin and placement of electrodes. Since the EGG signal is weak, it can be easily distorted or interfered by motion artifacts due to body movement and/or breathing. In order to accurately record an EGG, the following procedure should be strictly followed.

### Skin preparation

First, the abdominal skin where the electrodes are to be positioned should be thoroughly cleaned to ensure that the impedance between the pair of electrodes is below 10 kΩ.[@B20],[@B21] To do so, it is advised to abrade the skin until it turns pinkish using some sandy skin-preparation jelly, and then apply a thin layer of electrode jelly for 1 minute for the jelly to penetrate into the skin. Before placing the electrode, the excessive jelly must be completely wiped out.

### Electrode placement

Regular electrocardiogram (ECG) electrodes can be used for EGG recordings. The most commonly used configuration for recording 1-channel EGG is to place one electrode at the midpoint on a line connecting the xiphoid and umbilicus, and the other electrode 5 cm away (up and 45 degree) to the patient\'s left. The ground electrode is placed on the left costal margin horizontal to the first active electrode.[@B22],[@B23] If a 4-channel EGG recording device is used, multiple electrodes should be placed according to previous studies.[@B20],[@B21] The multiple channel EGG may provide more information about slow wave propagation and coupling.[@B8],[@B24],[@B25]

### Subject position

The most important points in positioning the subject are (1) to ensure that the subject is in a comfortable position, most commonly supine, so that body movement can be completely avoided or reduced to the minimal. The subject should be asked not to talk, move, read or make phone calls during the procedure[@B14],[@B26]; and (2) to ensure that the position of the subject is the same if there are multiple sessions. Timing of unavoidable body movement or motion artifacts should be noted and the recording periods with motion artifacts must be removed before analysis.

### Duration of recording

Another common mistake in recording the EGG is that the recording is too short. Unlike the ECG in which there are about 60 waves every minute, the EGG is composed of only 3 waves every minute. That is, if the recording is of a short duration of 5 minutes, there are only 15 waves which are obviously insufficient for analysis and interpretation. Ideally, at least a 30-minute period is needed to ensure an accurate measure of gastric slow waves in a particular state, such as fasting, fed, baseline or after intervention.[@B27]

### Protocol for a clinical electrogastrography rest

When EGG is used as a clinical test, the EGG should be recorded in both fasting and fed states. To ensure the stomach is empty when the baseline or fasting EGG is recorded, the subject should be fasted for at least 6 hours because the complete emptying of the stomach takes about 4 hours in a healthy subject and this can be longer if a patient has a suspected gastric motility disorders. Drinking (water) is not allowed at least 2 hours before the test. The duration of the postprandial recording should be at least 30-60 minutes, depending on the symptomatic response of the subject to meals. Similarly to other motility tests, any medications known to alter gastric motility should be discontinued for at least 2-3 days before the EGG test.

The test meal should contain a minimum of 250 kcal (better \> 400 kcal) with no more than 35% of fat.[@B27] Solid meals are usually recommended although a few investigators have used water as the test \"meal.\"[@B28] It should be noted that different test meals may result in different postprandial EGG responses. Accordingly, when data are compared among different studies, the composition of the meal should be carefully examined. In healthy humans, a solid test meal with sufficiently high calories (\> 400 kcal) results in an increase in both amplitude and frequency of gastric slow waves; a liquid meal may increase slow wave amplitude but reduce its frequency; a meal with a high percentage of fat (\> 50%) may induce gastric dysrhythmia.[@B29]-[@B32] Accordingly, the composition of the meal should be considered when interpreting postprandial EGG.

The study subject should be kept alert and should not fall asleep during the procedure as gastric slow waves have been reported to change during sleep.[@B33]

### Pitfalls in electrogastrography recording

It is most important to note that an EGG study could be flawed or completely useless if any of the followings takes place: the skin is not appropriately prepared, the subject is engaged in conversation, the subject moves frequently and the periods with body movement are not deleted, or the recording for a particular condition is shorter than 15 minutes. Cautions should also be made in the analysis of the EGG recording described as follows.[@B26]

Electrogastrogram: Analysis
===========================

Unlike the electrocardiogram with which a physician can perform diagnosis by visually examining the tracing, the EGG must be subjected to computerized spectral analysis. This is because the EGG signal is weighted summation of all gastric slow waves presented in the stomach; its waveform is dependent on many uncontrollable factors and no diagnostic criteria have been established using the waveform of the EGG. In addition, the EGG also contains respiration artifact that is between 12-25 cpm and sometimes the ECG artifacts (\< 60 cpm). Occasionally, the slow wave of the small intestine may also be recorded in the EGG (9-12 cpm). Although these interferences distort gastric slow waves in the EGG, their frequencies do not overlap with that of the gastric slow waves. Consequently, spectral analysis can be performed to separate the gastric slow waves from interferences.[@B3] As stated earlier, before spectral analysis is performed, any periods with motion artifacts must be identified and deleted because motion artifacts can not be separated from the gastric slow waves even with spectral analysis.

Clinically established EGG parameters that can be extracted from the spectral analysis include dominant frequency and power, fasting-fed power ratio, percentage of normal gastric slow waves, percentage of gastric dysrhythmias, and percentage of power distribution described as follows.[@B3],[@B34]-[@B37]

Dominant Frequency and Power
----------------------------

The dominant frequency and power of the EGG can be derived from the power spectral density assessed by the periodogram method ([Fig. 6](#F6){ref-type="fig"}).[@B38] The normal range of the dominant frequency of the EGG is between 2 to 4 cpm.[@B39] The EGG is called bradygastria if its dominant frequency is lower than 2 cpm, tachygastria if its dominant frequency is higher than 4 cpm but lower than 9 cpm, and arrhythmia if there is no dominant peak power in the spectrum.

Power Ratio or Relative Electrogastrography Power Change
--------------------------------------------------------

The ratio of dominant EGG powers between after and before an intervention is a commonly used parameter that is associated with alteration in gastric contractions. It is generally accepted that a ratio of \> 1 reflects an increase in gastric contractility due to the intervention, whereas a ratio of \< 1 reflects a decrease in gastric contractility.[@B3] If the decibel (dB) unit is used, the ratio should be replaced by the difference between the baseline and after intervention.

Percentage of Normal Gastric Slow Waves
---------------------------------------

The percentage of normal slow waves is a quantitative assessment of the regularity of the gastric slow wave measured from the EGG. It is defined as the percentage of time during which normal gastric slow waves are observed in the EGG. The percentage of normal slow waves can be computed from the running power spectra of the EGG ([Fig. 6](#F6){ref-type="fig"}).[@B3],[@B40] In this method, 1 spectrum is derived from every 1 minute (or some other short period) of EGG data; the minute is considered normal if its EGG spectrum exhibits a dominant power in the range of 2-4 cpm. In human, the normal percentage of gastric slow wave is defined as 70%.[@B3],[@B7],[@B8],[@B22],[@B39]

Percentage of Gastric Dysrhythmia
---------------------------------

The percentage of gastric dysrhythmia is defined as the percentage of time during which gastric dysrhythmia is observed in the EGG. It is computed in the same way as that for the percentage of normal slow waves. It is further classified into the percentage of bradygastria, the percentage of tachygastria and the percentage of arrhythmia.[@B3]

Percentage of Electrogastrography Power Distribution
----------------------------------------------------

The percentage of EGG power distribution was introduced by Koch et al[@B29] and is defined as the percentage of total power in a specific frequency range in comparison with the power in the total frequency range from 1 to 15 cpm. For example: *% of (2.4-3.6 cpm) = The power within 2.4-3.6 cpm/The total power from 1-15 cpm × 100%*.

The advantage of this method is that it is easy for computation. We should be aware, however, that only relative values of this parameters in comparison with the control data should be used. Even in normal subjects, the percentage of normal EGG activity computed in this way will never be 100%. It should also be pointed out that this parameter is sensitive to noise, since any noise component in the frequency band of 1 to 15 cpm affects the computation of this parameter. Harmonics of the fundamental 3 cpm slow wave may be computed as tachygastria.[@B19],[@B35]

Other Parameters
----------------

Other parameters include instability coefficients of dominant frequency and dominant power.[@B7],[@B8] However, the clinical relevance of these parameters is not established. If the EGG is recorded with a 4-channel device, there are a number of other parameters, such as the percentage of slow wave coupling between any 2-channels and the propagation of slow waves.[@B8],[@B24]

Electrogastrography: Validation
===============================

Due to its non-invasive nature as well as its vulnerability to noises and interferences, there have been concerns and controversies on validity of EGG. Based on our review of the literature, these concerns/controversies can be classified into 2 categories: (1) questions/concerns relevant to EGG and must be addressed, including (i) is the EGG an accurate measure of gastric slow waves? and (ii) is the EGG correlated or associated with gastric motility? Available data in the literature will be reviewed to discuss these issues; and (2) controversial findings obtained using inappropriate methods of EGG or methods different from EGG. For an example, in a recent article, the authors claimed that the EGG might be a measure of contraction artifacts while their findings were obtained from gastric tissues of patients with cancers using a device totally different from that used in EGG.[@B4]

Correlation of the Electrogastrography With Internal Serosal Recording
----------------------------------------------------------------------

When appropriately recorded as discussed in the previous section, the EGG is an accurate measurement of gastric slow waves and the parameters derived from the spectral analysis of the EGG correlated with those determined from the internal serosal recordings. EGG recordings simultaneously made with the serosal[@B10],[@B12],[@B41] or mucosal[@B16],[@B42],[@B43] recordings have proven that the dominant frequency of the EGG accurately represents the frequency of the gastric slow wave. [Figure 7](#F7){ref-type="fig"} presents such a typical example. It is clear that the frequencies of the gastric slow wave recorded by serosal and abdominal surface electrodes were exactly the same (see the fundamental frequency in the power spectrum \[[Fig. 7B](#F7){ref-type="fig"}\]). However, it is typical that slow waves recorded in the serosal recording are more pulse-like (especially for those recorded from the antrum), whereas, those recorded in the EGG are more sinusoidal. This is because (1) the human abdominal wall acts like a lowpass filter that makes the signals more smooth and (2) inherently, the EGG is a weighted summation of all internal gastric slow waves. It can also be appreciated that the spectrum of the serosal recording consists of more harmonics than that of the EGG. In other studies, the EGG was validated by showing the presence of 3 cpm waves at baseline and the disappearance of slow waves in the EGG after the removal of the entire stomach.[@B44]

Correlation of the Electrogastrography With Gastric Motility
------------------------------------------------------------

A one-to-one correlation does not exist between the slow waves recorded in the EGG and gastric contractions measured by manometry because these two are different measurements: the EGG is a measure of overall slow waves from the stomach, whereas, the gastric manometry is a measure of gastric contractions at specific locations. However, several studies have shown correlations between the EGG and gastric contractile activities.[@B45]-[@B47] For example, in one clinical study with simultaneous EGG and gastric manometry, the EGG was found to exhibit an increased dominant power and reduced dominant frequency during motor activity, in comparison with those during motor quiescence.[@B45] Although contraction-related spike activities can not be recorded in the EGG, the relative increase in EGG dominant power has been repetitively and consistently shown to be associated with an increase in gastric contractile activity.

Similar to the internal serosal recording, gastric dysrhythmias have also been detected from the EGG and shown to be associated with gastric hypomotility or impaired gastric contractions. Excessive tachygastria was observed in the EGG in patients with gastric motility disorder.[@B13] In 31 patients with functional dyspepsia (FD) and simultaneous recordings of the EGG and gastroduodenal manometry, 71% of the patients showed excessive gastric dysrhythmias (\> 30% of time) and 80% of the patients had abnormal antral contractions. Nineteen of the 31 patients showed both abnormal EGG and abnormal antral motility, whereas only 2 patients showed both normal EGG and normal antral motility.[@B48]

Correlation of the Electrogastrography With Gastric Emptying
------------------------------------------------------------

The correlation between the EGG and gastric emptying was reported in a number of studies.[@B22],[@B49],[@B50] In patients with FD, the EGG and gastric emptying scintigraphy were found to be complimentary for the assessment of dyspepsia.[@B49] In pediatric patients with gastric esophageal reflux, the postprandial change in EGG dominant power was reported to significantly correlate with the rate of stomach emptying.[@B50] In 157 patients with symptoms suggestive of gastroparesis and simultaneous recordings of the EGG and gastric emptying, we found that patients with delayed gastric emptying had a lower percentage of normal gastric slow waves detected from the EGG and a lower postprandial increase in EGG dominant power than those with normal gastric emptying. Moreover, delayed gastric emptying was able to be predicted using the EGG with a specificity of 80% and a sensitivity of 55-60%.[@B22] Using pattern recognition or classification methods, a higher accuracy could be achieved in the prediction of delayed gastric emptying from the EGG.[@B51]

Electrogastrography: Applications
=================================

Applications of EGG have been reported in numerous studies and the list of applications is lengthy. In this review, we only summarize a few applications in the following areas: (1) electrophysiological studies, (2) assessment of the efficacy of an intervention or therapy, and (3) detection of slow wave abnormalities in patients with gastric motility disorders or suspected gastric motility disorders.

Electrophysiological Studies
----------------------------

EGG is an attractive method for studying electrophysiology of the stomach since it is non-invasive and does not interrupt on-going process of the stomach. One such application is studying the developmental process of gastric slow waves in newborns.[@B52] A progressive increase in the percentage of normal gastric slow waves was noted during the first 6 months after birth in 19 preterm infants. As it is shown in [Figure 8](#F8){ref-type="fig"}, the percentage of normal slow waves in the fasting state was below 40% at one week after birth and became 65% at 6 months after birth.

In another study, the EGG was used to assess the effect of CNS on gastric slow waves.[@B33] A significant reduction in slow wave amplitude, regularity and coupling was noted during non-rapid eye movement, suggesting the regulatory effect of CNS on gastric slow waves.[@B33],[@B53]

Interventional Studies
----------------------

Similar to gastric motility, gastric slow waves may be affected by various interventions, such as stress and pharmacological therapies. EGG as a non-invasive tool has been frequently used in assessing the effect of stress and efficacy of pharmacological therapies, most commonly prokinetic therapies.

The relationship between motion sickness and gastric slow waves has been studied using EGG in a series of experiments.[@B36],[@B54] Tachygastia or tachyarrhythmia was frequently and consistently reported in the EGG in subjects with visually induced motion sickness. In a space flight, the non-invasive EGG revealed gastric dysrhythmias prior to nausea and vomiting and reduced postprandial dominant power on inflight day 1 that was returned to normal on inflight day 3 in 3 crewmembers.[@B55]

Gastric slow waves may be altered under stress, similar to gastrointestinal motility. Stern et al[@B56] reported significantly decreased normal 3 cpm activity in the EGG during cold stress in the fed but not during fasting state in healthy humans. Emotional stress induced by viewing a horror movie in healthy also inhibited normal postprandial responses to a test meal and induced gastric dysrhythmias in the EGG in both fasting and fed states in healthy volunteers with simultaneous inhibition of postprandial vagal activity.[@B9]

Distention or retention of the distal part of gut is known to impair motility of the proximal part of gut. Similar inhibitory effects have also been reported with gastric slow waves measured by EGG. Gastric dysrhythmias assessed from the EGG were induced during rectal distension in the fed state in healthy volunteers[@B57]; this inhibitory effect was found to be attributed to disturbed sympathovagal balance (increased sympathetic activity and reduced vagal tone due to distention) and was normalized with electroacupuncture at ST36 in both dogs[@B58] and humans.[@B59] Electroacupuncture has been consistently shown to improve gastrointestinal motility as well as gastric slow waves via its excitatory effect on vagal activity.[@B60]

Prokinetic agents are used for treating gastrointestinal dysmotility and have been reported to alter (mostly improve) gastric slow waves measured by EGG. Cisapride was reported to improve gastric dysrhythmias and dyspeptic symptoms in patients with FD, mostly in the postprandial state.[@B61]-[@B64] EGG has also been used to assess the effect of other prokinetic agents, such as erythromycin,[@B65]-[@B67] domperidone[@B68]-[@B70] and tegaserod.[@B71]

Gastrointestinal Motility Disorders
-----------------------------------

In patients with gastrointestinal motility disorders or patients with functional gastrointestinal diseases, EGG is used to identify the pathophysiology of the diseases associated with gastric slow waves or dysrhythmia. EGG abnormalities have been most frequently reported in patients with gastroparesis. It is believed that about 50 to 75% of patients with gastroparesis have one or more abnormalities in the EGG.[@B21],[@B39],[@B72],[@B73] The abnormalities in EGG include reduced percentage of normal slow waves, excessive gastric dysrhythmia and decreased postprandial EGG dominant power. EGG has become a useful clinical tool in the diagnosis of gastroparesis and in understanding the pathogenesis of gastroparesis. Gastric dysrhythmia is also common in patients with unexplained nausea and vomiting and patients with early pregnancy although straight correlation between gastric dysrhythmia and nausea/vomiting has rarely been established.[@B74]-[@B78]

EGG was also used to investigate the correlations of gastric slow waves with gastric emptying and dyspeptic symptoms in gastroesophageal reflux disease (GERD).[@B50],[@B79],[@B80] Gastric myoelectrical abnormalities assessed from the EGG have been frequently described in patients with FD.[@B81]-[@B84] To assess the specificity of the EGG as well as the prevalence and pattern of abnormalities, Leahy et al[@B85] performed EGG in 170 patients with FD, 70 patients with irritable bowel syndrome (IBS), 20 patients with GERD, and 30 asymptomatic controls, reporting abnormal EGG in 36% of patients with FD and in 25% with IBS who complained of concurrent dyspepsia. The EGG was normal in 93% of asymptomatic controls, 90% of patients with GERD, and 92% of patients with IBS who did not complain of dyspepsia.

Summary
=======

We have carefully reviewed relevant studies and their findings in the literature in an effort to answer a number of challenging questions, including whether EGG is a valid method, whether EGG provides useful information on gastric motility and whether EGG has meaningful clinical applications.

Is EGG a valid method? It all depends on how the EGG is recorded. If the EGG is made according to the procedure described in this review, it accurately records gastric slow waves and the parameters derived from the spectral analysis providing clinically and/or physiologically meaningful information. However, if the EGG is carelessly recorded and/or analyzed, it may not provide any meaningful information. This is similar to other clinical procedures; however, adherence to the exact procedure and protocol is extremely important in performing EGG. All pitfalls discussed in this review must be avoided.

Is the EGG a measure of gastric contractile artifacts? The answer is clearly \"no.\" From findings presented in this review, we know clearly that the EGG is an accurate measure of gastric slow waves assessed from the in vivo serosal recording. The slow waves measured by the internal serosal electrodes are obviously not contractile artifacts as shown in [Figure 3](#F3){ref-type="fig"} in which one-to-one correlation was noted between the slow waves and contractions measured by strain gauge, whereas no contractions were noted when the slow waves became dysrhythmic.

Is the EGG a useful measurement of gastric motility? Yes or no. The EGG measures gastric slow waves and gastric slow waves are not gastric contractions. Since gastric slow waves determine frequency and propagation of antral contractions, and gastric dysrhythmia is associated with antral hypomotility, an accurate measurement of gastric slow waves by EGG does provide meaningful information about gastric motility. In a more general sense, gastric motility includes gastric slow waves, antral contractions and gastric emptying.

Is EGG a useful clinical diagnostic tool? It depends on the recording, analysis and interpretation of the EGG. If one considers the EGG as a measure of gastric contractions or gastric emptying, he/she may claim that the EGG is not a useful tool because the EGG measures slow waves, not contractions or emptying. If one is interested in exploring pathophysiologies associated with a disease, such as gastroparesis or FD, EGG is a useful diagnostic tool because it determines whether gastric slow waves are normal. In our opinion, accurate and non-invasive measure of gastric slow waves is clinically and physiologically meaningful. However, one should not consider the EGG as a measure of contractions or emptying.

Conclusion
==========

The EGG is an accurate measure of gastric slow waves when it is recorded appropriately, and provides clinically, physiologically and/or pathophysiologically meaningful information when it is properly analyzed and interpreted.
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![Gastric slow waves. Top to bottom tracing were obtained from serosal electrodes placed from proximal to distal stomach along the greater curvature with an interval of 2 cm. (A) Normal gastric slow waves from a dog. (B) Spontaneous ectopic tachygastria in a dog.](jnm-19-5-g001){#F1}

![Bradygastria from serosal recordings in a dog. Both normal slow waves (left part) and bradygastria were initiated in the proximal stomach and propagated distally. Top to Bottom tracings: proximal to distal stomach at an interval of 4 cm.](jnm-19-5-g002){#F2}

![Correlation between slow waves and gastric contractions measured by strain gauges. Top 4 channel: serosal myoelectrical recordings from top to bottom (4 cm interval); bottom channel: gastric contractions measured from strain gauges placed on gastric serosa. (A) Normal slow waves and gastric contractions (one-to-one correlation). (B) Spontaneous gastric dysrhythmia and gastric hypomotility measured from the same strain gauges.](jnm-19-5-g003){#F3}

![Correlation between gastric electrical stimulation inducing tachygastria and gastric hypomotility. The contractions was inversely correlated to the antral motility. When tachygastria was 25% or higher, gastric contractions were totally inhibited.](jnm-19-5-g004){#F4}

![Effects of filtering. 4-channel electrogastrography (EGG) signals from a healthy subject after the meal. (A) Original tracings made by a 4-channel EGG device. (B) The signals in (A) filtered by a highpass filter with a cutoff frequency of 3 Hz. Normal slow waves were seen before but not after digital filtering at 3 Hz.](jnm-19-5-g005){#F5}

![Spectral analyses of the electrogastrography (EGG). (A) Original EGG tracing. (B) Overall spectral analysis. (C) Adaptive running spectra.](jnm-19-5-g006){#F6}

![Correlation of the electrogastrography (EGG) with gastric slow waves measured by serosal electrodes. (A) Simultaneous recordings of gastric slow waves measured by internal serosal electrodes (top 4-channels) and abdominal surface electrodes (EGG, bottom 4-channels). (B) Power spectral of the serosal and cutaneous recordings. The third peak in the bottom power spectrum indicated the peak of intestinal slow waves. H, harmonics.](jnm-19-5-g007){#F7}

![Development of gastric slow waves measured by electrogastrography in infants.](jnm-19-5-g008){#F8}
